forming growth factor-␤2 (TGF-␤2) protein, without an found in elevated amounts in the airways of individuals with increase in TGF-␤2 mRNA. These two differentially reguasthma. The cellular source of these peptides and their role in lated mediators act synergistically to promote a profibrotic mediating the airway fibrosis of chronic asthma are unknown.
the spontaneously active fractions of these peptides were measured by omitting the acid activation step. The ET ELISA was equally sensitive to ET-1, ET-2, and the ET-1 precursor bigET-1, but was not reactive with ET-3. To test the independence of ET and TGF-␤ regulation, mechanical stress was applied in the presence of either a neutralizing antibody specific to TGF-␤2 (1 g/ml) or antagonists that block signaling through ET A and ET B receptors (BQ 485 and BQ 788, 1 m each).
Reverse Transcription-Polymerase Chain Reaction
Total RNA was purified from NHBE cell lysates after exposure to mechanical stress for the times noted above (RNeasy; Qiagen, Valencia, CA). Equal amounts of RNA were reverse-transcribed to cDNA using M-MLV reverse transcriptase (RT; Promega, Madison, WI). Polymerase chain reaction (PCR) was performed using Taq polymerase (Promega) and gene-specific primers (GeneLink, Hawthorne, NY) designed from published sequences ( Table 1) . Amplified PCR products were visualized after electrophoresis in 1.2% agarose gels containing ethidium bromide. Amplification of the housekeeping gene glyceraldehyde phosphate dehydrogenase (GAPDH) was used to demonstrate that equal amounts of RNA were reverse transcribed and added to each RT-PCR reaction. Cycle numbers for each primer set (Table 1) were individually Figure 1 . Device schematic and experimental timeline. (A ) NHBE selected based on preliminary experiments to ensure evaluation cells were grown at air-liquid interface on microporous substrates of PCR products in the linear amplification range and avoid saturato express a mucociliary phenotype. An apical-to-basal transcellution. lar pressure gradient was applied to compress the cells. (B ) NHBE cells were preconditioned in minimal medium for 16 h, at which point mechanical stress was initiated and continuously applied for Western Blotting 8 h. Samples of media were collected at 0, 4, 8, and 24 h after the NHBE cell lysates were collected under control conditions and onset of mechanical stress, and from time-matched controls, to after mechanical stress to analyze the distribution of TGF-␤2 by evaluate the release of soluble factors stimulated by mechanical Western blotting. The basal medium was aspirated and the apical stress. At identical times cell lysates were collected and the total surface was washed two times with ice-cold phosphate-buffered cellular RNA was extracted for RT-PCR. Conditioned medium saline (PBS). Two separate methods were then used to ascertain collected at 24 h was also used to compare the profibrotic capacity the location of TGF-␤2 within cultured human bronchial epithelial of the medium from stressed and control NHBE cells. Cell lysates cells. In the first technique, adapted from Dallas and colleagues for Western analysis were obtained after 8 and 24 h from stressed (8) , cells were lysed in modified radio immunoprecipitation buffer and control cells. (C ) NHBE cells were preconditioned in minimal containing 150 mM NaCl, 50 mM tris-HCl, 0.5% sodium deoxychomedium as above, then exposed to mechanical stress for varying late, and 1% NP-40. Cell lysates were frozen immediately at Ϫ70ЊC durations. All samples were then collected 24 h after the onset of for later analysis. Total protein in each cell lysate was quantified stress.
with the Bio-Rad protein assay (Bio-Rad, Hercules, CA) and equal amounts of protein were aliquoted for further study. After centrifugation for 10 min at 20,000 ϫ g, the deoxycholate-soluble supernatant (cell associated proteins) and insoluble pellet (predominantly basal surface and medium remained at atmospheric pressure. The extracellular matrix) were collected for separate analysis. The pelresulting apical-to-basal transcellular pressure produced a continulet was washed twice with PBS, then 100 l of plasmin (0.1 U/ml) ous compressive stress comparable to that present in the airway in 50:50 BEGM:DMEM was added to both the pellet and supernaepithelium during bronchoconstriction (6, 7), orders of magnitude tant. Plasmin digestion was allowed to proceed for 1 h at 37ЊC. higher than the stress experienced by the airway epithelium during For the pellet samples, plasmin-released proteins were collected breathing.
in the soluble portion after centrifugation. These proteins were concentrated by precipitation in 80% ethanol followed by centrifugation for 5 min at 20,000 ϫ g.
ELISA
In the second method, adapted from Taipale and colleagues Medium from the basal compartment of control wells was collected (9) , extracellular matrices were isolated by washing the cells three at the onset of the experiment (after incubation in serum-free times with 0.5% sodium deoxycholate in 10 mM Tris-HCl buffer, medium for 16 h). Further samples were collected after mechanical pH 8.0 at 4ЊC for 10 min. The first wash solution was collected stress of 4 and 8 h duration, and 16 h after the cessation of 8 h and frozen for further analysis of the cell-associated fraction. After stress (24 h time point, Figure 1 ). Parallel time controls not exposed an additional wash in PBS, the substrate-attached matrix was alto mechanical stress were collected for comparison. Medium samlowed to dry overnight. This extracellular matrix was collected by ples were assayed for the presence of ET, TGF-␤1, TGF-␤2, scraping into nonreducing sample buffer (see below). PDGF AB, and PDGF BB according to the manufacturer's instrucFor both methods, samples were mixed 1:1 with 2ϫ nonreducing tions. The TGF-␤ ELISAs were reactive only with the active form sample buffer (100 mM tris-HCl, 5% SDS, 0.1% bromophenol of the respective peptide. Therefore, total TGF-␤1 and TGF-␤2 blue, 20% glycerol), boiled for 5 min, and separated by SDS-PAGE on 10% gels (BioRad). Proteins were transferred to polyvinylidene were assessed after acid activation of medium samples, whereas Stress increased soluble levels of ET and TGF-␤2, but did not alter release of PDGF AB. TGF-␤1 and PDGF BB were also assayed by ELISA, but were not detectable (not shown). For the TGF-␤ ELISAs, media samples were activated by acid treatment to measure both latent and spontaneously active TGF-␤. Data are presented as mean Ϯ SD and are the result of 3-4 separate experiments. *P Ͻ 0.05, **P Ͻ 0.01. (B ) NHBE cells were exposed to continuous mechanical stress for the labeled durations. Samples were collected 24 h after the onset of stress and assayed for ET and total TGF-␤2. For both peptides, the amount released was significantly dependent on the duration of pressure application, as determined by ANOVA (P Ͻ 0.001). In both cases, significant differences from control (0 duration) were obtained for all durations у 1 h (**P Ͻ 0.05, *P Ͻ 0.01). Data are mean Ϯ SD, n ϭ 3.
Mechanical Stress Mobilizes Predominantly Latent ET and TGF-␤2 Are Released Independently of Each Other TGF-␤2 from Cell-Associated Stores in Response to Mechanical Stress
We collected cell lysates and examined the deoxycholateAs shown in Figure 4 , stress-induced release of TGF-␤2 insoluble pellet (primarily extracellular matrix) and soluble was unaffected by the presence of ET receptor antagonists. supernatant for the presence of TGF-␤2 peptide, following
To further confirm the independence of TGF-␤2 release the technique of Dallas and colleagues (8) . Expression was from ET stimulation, we applied ET-2 to NHBE cells for found exclusively in the deoxycholate-soluble fraction 24 h at a concentration similar to that released into NHBE ( Figure 3B ), suggesting association of TGF-␤2 with the media during mechanical stress (250 pg/ml) and at a 100-bronchial epithelial cells rather than the extracellular mafold excess (25,000 pg/ml). Neither concentration affected trix. These results were independent of plasmin digestion, the release of TGF-␤2. The converse was also true, as appliwhich is known to release TGF-␤1 from the extracellular cation of mechanical stress in the presence of a neutralizing matrix pellet (8, 9) . For further confirmation, matrix-and antibody to TGF-␤2 had no effect on ET release. The recepcell-associated fractions were isolated using a second techtor antagonists and neutralizing antibody were used at connique adapted from Taipale and colleagues (9) , which also centrations ϳ 1,000-fold greater than the amount of relevant demonstrated no TGF-␤2 immunoreactive peptide in isopeptide released by NHBE cells in response to stress lated extracellular matrices compared with a strong band (Figure 2 ). At identical concentrations these inhibitors efin cell-associated fraction (data not shown). These results fectively blocked stimulation of fibrotic protein synthesis strongly indicate that NHBE cells maintain a large pool of by fibroblasts in response to the relevant peptide (results preformed, cell-associated TGF-␤2. After 8 h of mechanical not shown). stress the amount of TGF-␤2 in this cell-associated pool was significantly reduced compared with that found in controls ET-2 and TGF-␤2 Enhance Fibrotic Protein Synthesis Both ( Figure 3C ). By the 24 h time point, the amount of TGF-␤2
Individually and Synergistically in the cell-associated fraction was restored to control levels.
Both ET-1 and ET-2 stimulated fibroblasts to incorporate To assess whether the TGF-␤2 released by mechanical [ 3 H]proline into TCA-precipitable proteins in a dosestress was latent or active, we assayed media by ELISA dependent fashion, with a peak response at 25,000 pg/ml both with and without acid activation. Stress significantly ( Figure 5A ). There was no significant difference in response increased the amount of spontaneously active TGF-␤2 in of fibroblasts to ET-1 and ET-2 except at the lowest concenthe medium ( Figure 3D ). However, in both control and tration, and although the two were different from each other stressed conditions, the amount of TGF-␤2 measured withat this concentration, neither differed significantly from conout activation was relatively constant at ϳ 15% of the total measured in activated samples.
trol. TGF-␤2 also elicited a dose-dependent increase in Figure 3 . Mechanical stress regulates steady-state ET-1 and ET-2 message levels and recruits latent TGF-␤2 from cellassociated stores. (A ) Total RNA was extracted from NHBE cells after application of stress for the labeled durations, or from unstimulated cells at the onset of pressure application. As shown by RT-PCR, mechanical stress produced a dramatic increase in steady-state levels of mRNA for ET-1 and ET-2 while eliciting little effect on TGF-␤1 and TGF-␤2.
GAPDH is shown to demonstrate equal amplification and loading of samples. Results are representative of three independent experiments. (B ) NHBE cells were lysed in deoxycholate buffer, separated into extracellular matrix-associated (pellet) and cell-associated (soluble) components by centrifugation, and probed for TGF-␤2 by Western blotting. The major immunoreactive band in the deoxycholate-soluble fraction was slightly larger than the expected size of ϳ 25 kD for TGF-␤2. No immunoreactive band was found in the pellet fraction at this size.
(C ) After 8 h of mechanical stress (ϩ), the amount of TGF-␤2 in the soluble cellassociated fraction was significantly reduced compared with unstimulated controls (Ϫ), but returned to control levels 16 h later (24 h time point). Data are presented as mean Ϯ SD, n ϭ 3, *P Ͻ 0.05. (D ) Media assayed for TGF-␤2 without acid activation (filled bars) resulted in levels ϳ 15% of that measured in activated (open bars) samples (control 13.4 Ϯ 1.9%; mechanical stress 15.9 Ϯ 1.3%, P Ͼ 0.05). Mechanical stress produced a statistically significant increase in spontaneously active TGF-␤2 from 64 Ϯ 10 to 181 Ϯ 26 pg/ml (P Ͻ 0.01). Data are mean Ϯ SD, n ϭ 4.
[ 3 H]proline incorporation, and did so at lower concentraeffect, eliminating ϳ 60% of the difference between conditions and with a higher peak incorporation, suggesting that tioned medium from stressed cells compared with that col-TGF-␤2 is a more potent stimulator of fibrotic protein synlected from control cells. thesis than ET ( Figure 5B) .
Although the concentration of TGF-␤2 released into the Discussion media by compressed NHBE cells (Figure 2A ) was near NHBE cells respond to mechanical stress by releasing inthe plateau phase of the dose-response curve ( Figure 5B) , creased amounts of TGF-␤2 and ET, and these peptides the concentration of ET released in response to mechanical interact synergistically to drive fibrotic protein synthesis. stress (Figure 2A Figure 5A ). However, when this low significant increase in the accumulation of TGF-␤2 and ET dose of ET-2 was combined with submaximal and maximal at 24 h, demonstrating that mechanical stress evokes rapid effective doses of TGF-␤2, there was an enhanced fibrotic and long-lasting effects on NHBE cell phenotype and response ( Figure 5C ). growth factor production. Although these peptides act synergistically once released, regulation of their synthesis and The Profibrotic Effect of NHBE Conditioned Medium is Partially Dependent on TGF-␤2 and ET release are at distinct levels, and production of each peptide is independent of the other. Thus the stimulation by meConditioned medium from mechanically stressed NHBE chanical stress is multidimensional, likely working through cells stimulated a significant increase in fibrotic protein syna specific array of transduction systems; the specificity of the thesis in human lung fibroblasts compared with medium response is demonstrated by our observation that release of collected from time-matched control NHBE cells ( Figure  PDGF AB is unaffected by mechanical stress. TGF-␤ and 5D). Treatment of mechanical stress-conditioned medium ET are known to be present at elevated concentrations in for 1 h with either a neutralizing antibody specific to TGF-␤2 the asthmatic airway (10-16), and although multiple sources or receptor antagonists that block signaling through ET A and mechanisms may contribute to this pool (17-19), our and ET B receptors resulted in a partial reduction of the data clearly demonstrate that signals initiated by mechanical profibrotic stimulus that did not reach statistical significance. Combined treatment further reduced the profibrotic stress are capable of producing targeted, locally high con-cell lysates and subsequently increases soluble levels of TGF-␤2 is consistent with the mobilization of preformed TGF-␤2 from cell-associated stores by mechanical stress. The TGF-␤2 released is predominantly latent, and the fraction in a latent form remains constant as the total soluble TGF-␤2 available in the media increases. These findings contrast with what is known about TGF-␤1, which is regulated by mechanical stimuli at the transcriptional level (30) (31) (32) (33) (34) (35) . ET-1 is regulated by mechanical stimuli in a variety of tissues (34, (36) (37) (38) (39) ) and contributes to tissue remodeling and fibrosis induced by mechanical forces (38, 40) . Control of ET-1 is thought to occur predominantly at the transcriptional level, under the influence of protein kinase C signaling and an activator protein-1 binding site in the 5Ј-flanking promoter sequence (41) (42) (43) (44) (45) . Our data indicate that mechanical stress applied to NHBE cells dramatically increases the abundance of mRNA encoding both ET-1 and ET-2. To our knowledge, this is the first demonstration that ET-2 is a mechanoresponsive gene. The mechanisms regulating ET-2 transcription are not known (46, 47) , but preliminary indications are that the transcriptional control mechanisms for ET-1 and ET-2 are distinct (46) (47) (48) (49) .
Mechanically induced changes in the soluble levels of ET protein preceded the release of TGF-␤2, consistent with (Figure 4 ), although we cannot rule out a common similar to that found in the medium (250 pg/ml) and with a 100-upstream mediator that regulates both pathways.
fold higher concentration (25,000 pg/ml).
We found that TGF-␤2 has a profibrotic capacity similar to that previously reported for TGF-␤1 and ␤3 (54, 55), and provides a more potent stimulus for fibrotic protein synthesis than either ET-1 or ET-2. Although the soluble centrations of these profibrotic factors directly at the focal level of ET elicited by mechanical stress was not sufficient point of subepithelial fibrosis.
alone to increase fibrotic protein synthesis significantly, it TGF-␤ is a potent mediator of fibrosis (20) and has been provided a synergistic stimulus when combined with implicated in multiple inflammation and injury-induced pul-TGF-␤2, suggesting that these mediators act in concert to monary fibrosis models (17, (21) (22) (23) (24) (25) . TGF-␤1 is typically synthesized as a latent peptide complex that is stored in the account for the fibrotic response observed in asthmatic airextracellular matrix (8, 9, 26, 27) . The airway wall exhibits ways. The profibrotic effect of mechanical stress was subprominent immunostaining for TGF-␤2 and TGF-␤3 (relastantially, though not totally, neutralized by the combinative to TGF-␤1), with staining concentrated in the interstition of a TGF-␤2-neutralizing antibody and ET receptor tial spaces of the bronchial epithelial layer of human (23, antagonists, providing strong support for the hypothesis 28) and mouse airways (29) . Our data demonstrate that that these agents act synergistically to activate the fibrotic NHBE cells differentiated at an air-liquid interface to a responses to mechanical stress (4). The incomplete inhibimucociliary phenotype produce TGF-␤2 but not TGF-␤1, tion indicates that other factors, such as HB-EGF (5), also and possess large stores of TGF-␤2 that are associated with likely contribute to the fibrotic response to mechanical the cell surface and/or cytoplasm. Our finding that NHBE stress. In conclusion, these findings offer compelling evicells preferentially store TGF-␤2 in association with the dence that the bronchial epithelium contributes to the ficell layer rather than the extracellular matrix is unique, and brotic environment of the airway wall, and that the mechanisuggests that mechanisms distinct from those described for cal forces that accompany bronchoconstriction, acting TGF-␤1 storage are employed by NHBE cells to store latent through the bronchial epithelium, are key mediators of the TGF-␤2.
subepithelial fibrosis that characterizes the asthmatic airway The qualitative observation of a relatively constant level wall. of steady-state TGF-␤2 message observed during applica- that mechanical stress reduces the amount of TGF-␤2 in ]proline into TCA-precipitable proteins was used to assess fibrotic protein synthesis. (A ) ET-1 and ET-2 were equally effective profibrotic agents. (B ) TGF-␤2 exhibited higher peak incorporation and was effective at lower concentrations than either ET-1 or ET-2. (C ) A concentration of ET-2 similar to that released by NHBE cells in response to mechanical stress (250 pg/ml) was relatively ineffective at stimulating fibrotic protein synthesis, but interacted synergistically with TGF-␤2 at concentrations of 100 and 1,000 pg/ml. Data are presented as mean Ϯ SEM, with n ϭ 4-8. (D ) NHBE conditioned media was collected 24 h after the onset of a mechanical stress of 8 h duration (MS), and from parallel time-matched controls. Media samples were incubated for 1 h at 37ЊC alone or with either a neutralizing antibody specific to TGF-␤2 at final concentration of 1 g/ml (antiTGF), ET receptor antagonists BQ 788 and BQ 485 at final concentrations of 1 m each (ETRA), or all three compounds together (Both). Medium from stressed NHBE cells stimulated significantly more fibrous protein synthesis than did medium from control cells (*P Ͻ 0.05). The profibrotic effect was partially blocked by treatment with either anti-TGF-␤2 or ET receptor antagonists, and combined treatment directed at both pathways significantly attenuated the fibrotic stimulus by ϳ 60% (*P Ͻ 0.05). Data are presented as mean Ϯ SEM, with n ϭ 4.
